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Chloride / Bromide / Aqueous solution / Pulse radiolysis/  yield of different radiolytic products formed by-radiolysis
Oxidation / Radical anions/ Equilibrium from NaCl brines at ambient temperature and dose rates
betweeen 0.1 and 1kGl were determined [9,10]. At
a chloride concentration of 6 M NaCl both,HO, and
Summary. The oxidation of Br by Cl,~ is investigated by CIO;~ were formed proportionally to the dose and in-
gamma pulse radiolysis in aqueous solutions of NaCl andjependently from the dose rate with radiation-chemical
NaBr. Depending on the ratio of the concentration of B8 yie|ds of 0.6, 0.16 and 0.074 molecules per 100 eV, re-
grl ééh_e rpﬁén ng{)?ggc:azﬁac'g? ;r?izﬁrvg%r'sefr:tigﬁg 2Ci:|)?<;a 4 Spectivelyie: an extended kinetic model for the chloride
absorption band at 350 nm Wit = 9300 dni mol- =, system Wh|ch include the fo_rmatlon of chlorate [11] was
The rate constants of the equilibrium,CH-Br- < CIBr- + _used to _S|mulate the experimental results [10]. Accord-
CI- are determined to bls = 4x 1P dnfmol-'s* andk, =  INg to this model the chlorate appeares as a consequence
1.1x 1P dmPmolts?. The formation of the GI' (Ama= of the chemical and radiation-chemical redox reactions of
220 nm), CIBr~ (Amax=230nm) and CIBr (An=245nm)  hypochlorite. This compound is formeda the following
ions in the radiation-chemical oxidation of Cand Br ions reactions:
in an aqueous solution was observed by pulse radiolysis, and

its mechanisms of appearance and the equilibrium constants - - —

were determined. Cl,”+Cl,” = Cl,+2CI, (4)
ClL+ClI" & Cly, (5)
Cl,+OH < HCIO+CI™. (6)

Introduction

If brines get access to high level waste forms in a finalThese reactions show that the action of ionizing radia-
disposal site in rock salt the radiation will induce the for- tion on aqueous solutions of chlorides induces consecu-
mation of radiolytic products in the solution. Such radiolytic tive oxidation steps resulting finally in stable compounds.
compounds will influence the mobility of radionuclidess  The first, radical step, affords £l Recombination of these
redox and complex formation reactions and the variationspecies gives chlorine molecules,Glhich exist in equi-
of the pH [1,2]. Radiation effects in chloride brines are librium with the trichloride ions GI". At the second, mo-
therefore of fundamental importance for the safety of a fi-lecular step, the Glmolecules are hydrolyzed yielding
nal disposal. The radiolysis of highly concentrated chloridehypochlorous acid, HCIO. Then hypochlorous acid and its
solutions (NaCl, MgGl and LiCl) was previously investi- salts are unstable and undergo further transformations giving
gated [3—-8]. Using pulse radiolysis it was found that therise to chlorites and eventually chlorates. Simultaneously,
Cl,™ radical anions are formed in acidic solutions as a congaseous hydrogen and oxygen are formed due to water
sequence of the following reversible reactions: radiolysis.

Natural brines contain many other compounds, first of

OH+CI” & CIOH", (1) all bromides. These compounds are expected to influence
H* + CIOH™ < CI+H,0, (2) substantially the reaction scheme and speciation follow-
Cl-+ClaCl,. ©) ing the initial radiation-induced chemical oxidation of the
Cl~ ions.
In neutral or slightly alkaline solutions radical anions I To clarify the situation we have performed pulse radioly-

were observed only in concentrated solutions (1M  sis experiments with highly concentrated chloride solutions

Cl7) where they are formed in acidic spurs #od as containing Br ions as additives. It was found that bro-

a result of direct action of irradiation on Clions. The  mides have an dramatical effect on the radiolytic oxidation

R of chlorides in aqueous solution and on the nature of prod-
* Author for correspondence (E-mail: Kelm@ine.fkz.de). ucts formed.
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Experimental 0.008 r

The pulse radiolysis apparatus [12] and the computer pro- -
grams [13] of the B MeV van de Graaff accelerator facility 0.006 L ,_ g

ELBENA at the Hahn-Meitner-Institut have been previously ' N
described. The duration of the electron pulses ranged from - / A

3 to 20 ns [14]. The optical signals were derived from the
average of 10 individual experiments. The absorbed dosex %004 [ \

per pulse was calibrated by usiag- 1.9 x 10* M~*cm* for i 03 pus' "

the g, absorption at 700 nm [15]. The yield of electrons in Yo
water at pH= 7 was taken to be 2.6 species per 100 eV of 0.002 | N
absorbed energy @9umol J!) [16]. Sodium chloride and ya — e
bromide (Merck, suprapur) were used after additional re- i
crystallization. Solutions were prepared using triply distilled 0000 a1 a0 Lo 0o o 1
water and were saturated with®l.

Resultsand discussion 8000
Weakly acidic (5< 10~ M HCI) aqueous solutions of NaCl . 6000 /
containing NaBr were studied. By blowing the solution with § ;
N.O, the hydrated electrong,e, formed in the primary pro- < I LY
cesses along with OH, are converted into hydroxyl radicals ; 4000 |- / LY
by the reaction |

€q +N,O+H,0=>OH+N,+OH", @) 2000 | / \

(IN,O] =2.6 x 102 M andk; =9 x 1(® M~*s71) [16]. Thus, L v T T —
due to the presence of,N, the exposure of water to ion- 800 850 400

izing radiation results in the predominant generation of Wavelength, nm

OH radicals. The H ions catalyze the oxidation of Cl  Fig.1. (a) Absorption spectrum of a 1M NaCl solution at pH3.3,
ions by OH radicals in aqueous solutions [4]. The eXperi_contalnlng32>< 10*M NaBr 'and satgrated by 20 atdlffeorleént times
mental conditions chosen enabled us to exclude furthe gt)e,;gzgrgtlffne's:e”gtsrinﬂ“gf‘g?gn5"S’ absorbed da3e 80" ev/ml.
reactions involving g~ from considerations and, hence,

they markedly facilitate the study of the mechanism of the

radiation-induced oxidation of halogens by OH radicals inthe new absorption band appeares having a maximum at
agueous solutions. 360 nm and corresponding to the,Brradical anion § =
9.9x 1*M~tcm™) [17]. The whole set of experimental
data however indicates that, apart from the Bthe reaction

of Cl,~ with Br~ gives rise to one more specie whose optical
characteristic in the UV region is close to that of Chnd
Fig. 1a shows the optical absorption spectra of 1 M solu-Br,™.

tions of NaCl (pH= 3.3) saturated with BD and containing We assume that the species arising in the reaction,of Cl
3.2x10~* M of NaBr after exposure to a 5-ns pulse of accel- with Br~ apart from B~ is the mixed radical anion CIBr
erated electrons. The high concentration of ©hs ensures  Species of this type, nhamely CISCNwind BrSCN radical
that the OH radicals resulting from water radiolysis are cap-anions, have been found previously by pulse radiolysis in
tured almost completely by Clrather than by Br ions.  the oxidation of chloride [18] and bromide [19] ions, re-
After the pulse, the typical absorption spectrum of the Cl spectively, in the presence of small amounts of SGdhs.
with a maximum at 340 nme(= 8.8 x 10* M~tcm?) [4] is Apparently, the CIBr arises and exists in equilibrium with
observed. It can be seen from Fig. 1a that the optical ab€l,” and B~ via the following reactions:

sorption at shorter wavelengths decreases with time after

the pulse, whereas the absorption at longer wavelengths in- Cl,” +Br~ < CIBr- +CI~, (8)
creases. As a consequence, the optical absorption band shifts CIBr~ +Br~ < Br,” +Cl. 9)

to longer wavelengths (to approximately 35@ nm) and

becomes somewhat more intensive (Fig. 1a). These facffo describe the oxidation of Brions with CL™ in the
can be reasonably attributed to the reaction of Glith solutions studied, a computer simulation of the processes
Br~ ions. This reaction is fairly fast and in the presencewas performed [20]. As a result of the simulation the
of 3.2x 10*M NaBr it is virtually completed about 2s  rate constants of forwardkg =4.0x 1 M~1s?; ky =
after the pulse. At longer times, the optical absorption showrB.0 x 10° M~ s™!) and of the backky, = 1.1 x 1 M~ts?;

in Fig. 1a decays without noticeable change in the shapég, = 4.3x 10° M~ts™?) reaction were determined. The
of the band. The decay kinetic is described by a secondequilibrium constants oKg = kg /kgp, and Kq = kg / kg, are
order rate law. As the concentration of Bions increases equal to 36 x 10’ and 19 x 1C°, respectively. From th&g

Theformation of radical anions Cl,~, CIBr~
and Br,”
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Fig. 2. Calculated dependence of relative concentrations of radical an-  0.00
ions on the ratigBr]/[Cl] at[CI"] =1 M.
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value, E%(CIBr-/ClI-, Br-) = 1.85 V is obtained, which lies & P \
between the redox potentials of ,Br(1.66 V) and C}~ 0.02f -:g A
(2.30V) [20]. R

Fig. 1b shows the spectrum of CIBrlt has a broad 0.00 ! 5
absorption band with a maximum at 3@ nm; ¢ at this 200 250 400
wavelength is 9308 200 M~* cm™. Fig. 2 shows as a result Wavelength, nm

of our calculation the ratio of the equilibrium concentrations rig 3. (a) Absorption spectra of a 5M NaCl solution at pH
of Cl,~, CIBr-, and B~ in the absence of their decay as 3.3 saturated by MD at different times after the pulse: 18,

a function of the Br/CI~ concentration ratio. In concen- 5—35%2. ?i&EQ\x/S/ alntib;l;iSQS-t_Pulse dttiratiOfn 22 r':/ls;Nabélorbed

: 1 H H ose X ev/mi. sorption spectra or a al SO-

trated SOIUFIOHS of Chlonqes’ £l Io.ns. formed.are rapidly lution at pH= 3.3, containing 151051\/? NaBr and saturated by
converted into the I_Jromme-contamlng species CI_Bnd N,O at different times after the pulse: 1+8, 2—8us, 3—24us,
Br,". Indeed, even in the presence of 4M of Br~ ions  4_50us, 5-10Qis and 6-25@s. Pulse duration 20ns; absorbed
in a 1 M solution of NaCl, the CIBr radical anion predom- dose 59 x 10'eV/ml. (c) Absorption spectra of a 1M NaCl so-

inates. With an increase in the bromide concentration, th%ﬂg” ?td%H: 3t3; Contag“”%hlx 1U|2M 1'\“"‘? za”gusatgra;ﬂ by
. _ . . > a Iferent times arter e pulse: 143, Z2—ous, 5— S,
proportion of Bg~ increases. Thus, even at the radical step4_50“3’ 5-10Qus and 6-25Qs. Pulse duration 20 ns: absorbed

of radiolysis of concentrated chloride solutions, the pres-jgse 58 10 ev/mi.

ence of bromides affects dramatically the pathway of the

chemical processes, which actually result in the oxidation of

Br~ ions to give bromine-containing radical anions, CIBr rium of reaction Eq. (5) shifts towards the formation ofCl

and Bp~. ions only if the concentration of Clions in the solution is
The CL~, CIBr- and By~ species disappear in a second- very high.

order reactions, their halflifer{,,) decreases proportionally Analyzing the kinetics of the appearance of the signal for

to the dose of a pulse. This is due to disproportionation re-Cl;~ at 220 nm it was found that the experimental curves

actions similar to reaction (4); eventually halogen moleculesrecorded at different absorbed doses for 5M solutions of

which exist in equilibrium with trihalide ions are formeth ~ NaCl are well described in terms of the simple scheme

reactions according to Eq. (5). of reaction (4) and (5). A value df, =15x 10 M*s?

was derived from the disappearance of the Gibsorp-

tion and introduced into the calculation. The best agree-

ment between experimental data and the simulation was

It was found that the decay of Clin a 1 M solution of achieved with the rate constarktg = 1.1 x 10° st andks =

NaCl gives rise to a low-intensity absorption with a max- 2.0 x 10* M~'s and an extinction coefficient for the Cl

imum at about 220 nm. The signal intensity increases withof ¢, = 1.3 x 10* M~ cm. The equilibrium constant for

an increase in the salt concentration in the solution. This opreaction (5)Ks = ks;/ks, determined by this optimization

tical absorption is observed rather clearly for a 5 M solutioncalculation is found to be.08 M1, i.e. it is in full agree-

of NaCl as illustrated by Fig. 3a. The absorption band withment with the value measured previously [21]. Thus, the

a maximum at 220 nm belongs to the trichloride ion Cl  results of our studies show that the interaction of twg CI

Its absorption spectrum as well as that of molecular chloringons yields most likely a Gimolecule.

in neutral and acidic aqueous solution has already been pub-

lished [21]. According to this study, the spectrum of Ck _

a broad optical band with a maximum at about 220 nm andThe effect of Br- ions

£=1.04x10*M~tcm . Thee value for C} at 330nm is It was observed that even minor amournts10-° M) of Br-

smaller than 70 M* cm™1. The related equilibrium constant ions in concentrated solutions of NaCl (1-5 M) change sub-

Ks amounts to A8+ 0.02 M. In other words, the equilib- stantially the absorption in the far UV region. A new intense

The disappearance of Cl,” and the formation of Cl;~
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absorption band appears with a maximum at 230 nm. Fig. 3lsolutions containing different amounts of bromide (Figs. 3b
illustrates this process for a 1 M solution of NaCl containing and c) can be attributed to the formation of mixed trihalide
10°M of NaBr. It can be seen that vanishing of the ab- ions, CLBr~ and CIBg~. In solutions containing either only
sorption band at 340 nm, corresponding to thg Chdical chlorides or only bromides, €1 (A= 220 nm) and By~
anions, is accompanied by the appearance of an intense bafid, .. = 265 nm), respectively, are generated.
with a maximum at 230 nm.

With up to 16° M Br~ ions present, the ¢l radical an- i o
ions formed initially @na= 340 nm) are rapidly converted Mixed trihalideions

into CIBr~ (Amac=350nNnm) and By (Amax =360Nnm) rad-  The mixed CJBr- and CIBi~ species are known [21] to
ical anions. As these short-lived radical anions disappearbe formed in the reactions of £and CIBr molecules with
an absorption with maxima at 230 nm and 245 nm appearg|- and Br ions in acidic aqueous solutions. The species
in the UV region. Upon a tenfold increase in the concen-c|,Br- is responsible for an intense band with a maximum
tration of Br ions (102M NaBr), a signal for the Br 4t 232 nm in the optical spectrum. Due to this fact, the prod-
(Amax = 360 Nm) is observed in the optical spectrum one mi-yct that results from the decay of.Clradical anions in the
crosecond after the electron pulse. The disappearance of thigesence of- 10-5 M of Br- ions and that gives rise to the
specie results finally in a virtually single band with @ max- absorption band at 2302 nm (see Fig. 3b) can be identified
imum at 245 nm (Fig. 3c). By analyzing the development of 35 the-above mentioned specie. GIBions have an absorp-
this process in the UV region, one can clearly follow the tion band with a maximum at 245 nm so that we judge that
complex pattern of the chemical transformations involved:the absorption we observed in our experiments at this wave-
first, a band with a maximum at 230 nm appears and, subrength in the presence of Bconcentrations up to &M is
sequently, it transforms into a band with a maximum atcaused by this compound (see Fig. 3c).
245 nm. We propose the following set of reactions as the path-
Finally, in the presence of DM of NaBrin a 1M solu-  way to ChBr- in the radiation-induced chemical oxidation
tion of NaCl, as well as in the absence of chlorides in theof chloride ions in NO-saturated Weak]y acidic solutions
solution, the By~ generated after an electron pulse disappeapH = 3.3). First, this set of reactions includes reactions (4)
to give a product responsible for an intense absorption bangnd (5) considered above with the rate constants found for
with a maximum at 265 nm. This product is known [22, 23] them. These reactions give rise to the formation ofaZid
and belongs to the tribromide ion 8t Cl;~. Second, the set was supplemented by the reactions
The absorption bands with maxima at 230 nm andthat, in accordance with a previous study [21], allow for the
245nm, which appear on pulse irradiation of chloride formation of mixed chlorine and bromine compounds in the
reactions of Gl molecules with Br ions:

1.0 C|2+ Br = ClzBfﬁ (10f)
osh Ok e CLBr = Cl,+Br- (10b)
3 2B Cl,Br~ = CIBr+ClI” (11b
& 06F Fi Y CIBr; CIBr+CI- = CLBr- (11f)
8 oaf ; BN Cl,Br +Br- = CIBr,” + CI- (12)
02l o / o A . The rate constant for the reaction of @lith Br— ions in 1 M
e el 2 HCI (kior) has been measured using a pulsed-accelerated-
0.0l e e s flow spectrophotometer (PAF) [21]. The value was found
100 o 5 —;7[@-]10 110 to be (7.7+1.3) x 1 M~Ls%. Thus, this is a diffusion-
r

controlled reaction. In our computer simulation the reported
Fig.4: Calculated dependenceiof reliative coﬁncentrations of chlorineyg|ues were taken into account, and the best optimization
bromine products on the rati@r]/[CI"] at[CI"] = 1 M. results were attained fok,q, = (6.0£1.0) x 1 M~1s?

and Ky = kygi/Kigp = (6.741.3) x 1 M~L, The ratio of

the forward to back reaction rate constants for reaction (11)
was derived from the known valu€;; = ky1/kisp, €qual to
(6.0£0.3) M~1 [21]. The best agreement with the experi-
004 | 3 mental results was attained fky;; = 1.0 x 10° M~1s* and

0.06 |

o) ki =17 x 10 st with K;; =5.9 M1, The partial trans-
002 - A0 . 230 formation of C}Br~ in the reaction with the Brion to give
| . CIBr,™ (ky, = 3.0 x 10 M~1s71) was also taken into account
(the extinction coefficient of the last-mentioned species at
0.00 ' ' ' 230nm is 18 x 10 M~*cm™ [21]). But it was further as-
000 0.05 0'19nme 21;5 020 025 sumed that the dissociation reactions of GIBto CIBr+

Fig.5. Decay of Ci- (. — 340nm) and the formation and hy Br~ and to Bg + CI~ are rather slow and do not play a sig-
drolysis of ChBI (e — 230 nm) at different times after the pulse. nificant role over the time span under interest. The set of

Solution: 4 M NaCl, 1x 105 M NaBr, N,O, pH=6.8. Pulse duration ~ reactions proposed accounts for the appearance of an opti-
20 ns; absorbed doselfx 101 eV/ml. cal absorption at 230 nm in a 1 M solution of NaCl in the



Radiation-chemical effects in the near-field of a final disposal site 621

Tablel. Reactions, constants and optical characteristics of trihalide ions.

Reaction k Keg: M2 Optical characteristics of X

X3~ Amaxs NM ex10*M1st?
Cl,+CI- = Cly~ 20x10°M st 0.18 CL~ 220 13x 10
Cl;" = ClL+CI- 1.1x10Ps?
Cl,+Br~ = Cl,Br- 6.0x10°M1ts? 6.7x 10° Cl,Br- 230 36x 10
Cl,Br- = Cl,+Br- 9.0x 10°s?
CIBr+CI~ = Cl,Br- 10x1FM1tst 6.0
Cl,Br~ = CIBr+CI- 1.7x10°s?
ClLBr-+Br- = CIBr,” +CI- 30x1FM1tst? CIBr,~ 245 22 x 10
Br,+Br~ = Brs~ 96x1FM1ts? 17.5 Br~ 265 44 % 10¢
Bry” = Br,+Br- 55x 10's?

presence of1-10 x 10°M of Br- ions. The extinction CIBr~ radical anions, or into Br in the case of higher
coefficient of C}Br- calculated by optimization of experi- Br~ concentrations > 10-2M). The results obtained indi-
mental data proved to b@.6+0.4) x 10 M~*cm™™. This cate also that recombination of the above-mentioned radical
result is in good agreement with the value found in the studyanions and the reactions of the products thus formed with the
cited [21], 33 x 10* M~tcm™. Cl~ and Br ions present in the solution give rise to a broad
The mechanism of formation of CIBr (a band with  range of simple and mixed both molecular {GTIBr, Br,)
a maximum at 245 nm) in a 1 M solution of NaCl in the pres- and ionic (C}~, Cl,Br—, CIBr,~, Br;™) products. Table 1 lists
ence of 10°-102 M of Br~ ions is much more intricate be- the reactions demonstrating their relationship in the pres-
cause, under these conditions, apart from then@lecules, ence of Ct and Br ions and the corresponding equilibrium
CIBr and By, molecules are also formed (together with Gl constants. Fig. 4 shows the relative concentrations of vari-
Cl,Br~, and CIBg ™). This is due to the radiation-induced ox- ous chlorine- and bromine-containing species depending on
idation of CI and Br ions, the formation of GI, CIBr—, the [Br~]/[CI~] ratio. Known [21] equilibrium constants for
and B~ and to the establishment of an equilibrium betweenCIBr,~ (K = [CIBr,~]/([CIBr][Br-]) = 1.8 x 10* M~* and
the above-mentioned species corresponding to definite cork,; = [CIBr,”]/([Br,][CI"]) = 1.3 M™1) were used in the
tents of Ct and Br in the solution. The uncertainty of the calculations also. It can be seen that the introduction of Br
initial yields of the oxidation products of the Chnd Br ions induces gradual transformation into mixed halogen-
ions as well as the reactions between them which take placeontaining compounds, €8r~ and CIBr. For §Br~]/[CI~]
over the same time span hamper appreciably the optimizaratio of 5x 10°-~1x 10*, these compounds are the major
tion of experimental data (the arbitrariness in choosing thecomponents, while at values higher thas 504, the pre-
optimization parameters becomes too pronounced). Theradominant species become C}Brand Be.
fore, we rejected the attempt to perform a computer simula- We studied the radiation-induced oxidation of concen-
tion of the radiation-induced chemical formation of the chlo- trated solutions of chlorides in the presence of small ad-
ride and bromide oxidation products in agueous solutions amixtures of bromides under specific (model) conditions that
fairly high concentrations of Brions 103 to 102 M). For  ensured almost exclusive formation of OH radicals (by the
a Br- concentration of 1 M (Fig. 3c) the absorption band presence of MD) and relatively high stability of the ox-
at 245 nm corresponding to CIBrobviously predominates idation products formede.g. halogen molecules and tri-
in the spectrum, so that we could calculate its extinctionhalide ions. The latter point is due to the fact that we used
coefficient. For this purpose we used the known [21] equilib-weakly acidic solutions (% 10~ M HCI). When the solu-

rium constant for the reaction tion acidity and the chloride concentration decrease, halogen
molecules are hydrolyzed. Trihalide ions are hydrolyzed to
Br,+Cl~ & Br,CI~ (13) a markedly lower extent compared to the molecules. There-

fore, the channel of hydrolytic decomposition is provided by

K3 = [Br,CI=1/[Br,][CI-] = 1.3+ 0.3 M~! and the known halogen molecules. According to [21], CIBr is hydrolyzed to
extinction coefficient of the BF, e30m= 9.9x1C¢ give hypobromous acid HOBFr as follows:
M-tcm? [17]. In addition, we took into account the fact
that, after the decay of two Br and establishing an equi-
librium (13), the sum of the relative concentrations of
Br, and BrCl~ is equal to 1. Thes value for BrCl~ at
245 nm was found to be2.2+0.3) x 10 M~*cm™, which  This could explain why the optical signal at 230 nm which
is consistent with the value of2x 10* M~ cm™ measured s attributed to GIBr- vanished at pH 6.8 in the 1QG time
previously [21]. scale as shown in Fig. 5, while it is stable at p+8.3. The

Thus we found by pulse radiolysis that in the presenceformation of C}Br~ from Cl,” is faster so that its build-up
of Br~ ions (> 10°M), the CL~ resulting from the oxi- is shown in Fig. 5 in the 1Qis range. Its decayia reac-
dation of CI ions by OH radicals in weakly acidic 1M tions (11) and (14) follows the typical pattern of consecutive
solutions of NaCl saturated with,® are transformed into reactions with the maximum concentration at abouf.85

CIBr+H,0 < HOBr+H*+CI-. (14)
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and the point of deflection in the concentrafitme curve at 6.

double the time.

Conclusion

The results of this study demonstrate an exceptionally im-
portant role of even small contents of Bions in the
radiation-induced oxidation of Ciions. At an early (radical-

ion) stage, the GI radical anions are able to be trans- 9.

formed into CIBr and B~ radical anions. Their subse-
quent decay gives rise to a broad range of moleculay, (Cl ,,
CIBr, Br,) and ionic (C}~, ClL,Br-, CIBr,~, Br;~) prod-
ucts, which are equilibrated with one another. If bromide
ions are present the further reaction of @ill also gener-
ate bromine containing species (and noj ¢las the reac-
tion rate constants of reactions (5) and (10f) are more than,,
5 orders of magnitude apart. In addition to high chloride
concentrations, real brines contain bromides whose content

can amount to several percent. In this case, as indicated3-

by the results of this study, radiolysis of solutions would
give, at the radical step, €I, CIBr-, and By~ radical an-
ions. Recombination of these species with one another gives
rise to mixed halogen molecules and trihalide ions (mo-
lecular step). Figs. 2 and 4 illustrate the relative propor-
tions of these compounds at equilibrium depending on the;g
content of Br ions. In a disposal in salt they all would

be involved in reactions with the impurities dissolved in
brines or contribute to the corrosion of steel containers and
the spent nuclear fuel stored in them. The hydrolysis of
mixed halogen molecules results in the formation of hypo-

bromite HOBr. That compound is the starting substance for18.

the formation of more stable bromates of higher oxidation
state.
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